Crown compounds / Alkali metal ions / IR spectroscopy / Density functional calculations / Molecular sensors / Carbonyl ligands FTIR spectra of tricarbonyl(η 6 -benzo-15-crown-5)chromium(0) (1) in the presence of lithium, sodium and potassium perchlorate salts in methanol show different responses in the Cr-CO vibrational region of the spectrum. Data from the symmetric (ν sym ) and antisymmetric (ν asym ) Cr-CO vibrational stretching modes have been analysed by principal component analysis (PCA) to generate a factor score plot that provides a visual representation of these differential responses. X-ray crystallographic data for the sodium perchlorate complex 1·Na + and dimensions from DFT-derived structures of 1·Li + , 1·Na + and 1·K + indicate that binding M + in the crown causes electron density and structural changes in the [O(4)-C(9)-C(4)-O(8)]Cr-C(1)=O(1) sections of 1, which vary depending on the nature of the cation. This suggests a mode
Introduction
Carbonylmetal complexes offer fundamental advantages when employed as reporting groups in molecular sensors. Their spectra contain more information than is available from other more conventional readout strategies. [1, 2] The narrow symmetric (ν sym ) and antisymmetric (ν asym ) vibrational stretching modes respond to the distribution of charge between the metal and the carbonyl ligands (an electronic effect). Additional information is available from vibrational coupling which is influenced by conformational changes in the geometry of the arrangement of the ligands around the metal (a structural effect). The widths of the vibrational bands also contain information, and are influenced, for example, by solvent polarity (an environment effect). In tricarbonylmetal complexes, there are two antisym- [ -, SCN -), showed that 1 and 3 both responded significantly to the different metal cations, but 2 did not. The relative cation differentiation of 1, 2 and 3 was measured using the parameter Δ R(cation) , and ratios of Δ N(cation) values [calculated from Δ R(cation) ] distinguished different effects in the FTIR spectra of 1 and 3 for different pairs of cations. metric bands, which are often degenerate, but when the complex is unsymmetrical, a second vibrational coupling separates the antisymmetric bands. Although usually not resolved, the separation of these two overlapping vibrationally coupled modes broadens the band envelope. Thus the width of the antisymmetric band envelope is sensitive both to environmental effects and structural effects. We have shown in a study of solvent effects on supported metal complexes that principal component analysis (PCA) is a good way to visualise subtle changes in the spectra. [3] Tricarbonylchromium derivatives of benzocrown ethers have been available [4] [5] [6] [7] for many years, and we have shown [8] that sodium ion concentrations in the range 5-35 mm can be measured from the IR spectra of tricarbonyl(η 6 -benzo-15-crown-5)chromium (1) . The possibility of competing interactions from Li + , Na + and K + is a classic problem in the development of sensors for alkali metal ions, since all three ions bind easily (though to different extents) to the crown ether, and much effort has been devoted by many research groups to the development of molecular sensors for Li + , Na + and K + . [9] The high information content intrinsic to the IR readout method, however, provides the key to solving this problem, and we describe here the use of PCA with lithium, sodium and potassium perchlorate salts, within a simple crown ether receptor bearing the tricarbonylchromium moiety as the reporting group.
Results and Discussion
The crystal structure of 1·Na + as the SCN -salt [8] shows the 15-crown-5 complex to be well suited for sodium ion detection, as the crown is tilted slightly downwards towards the Cr(CO) 3 group, and the sodium ion, which lies slightly above the five oxygen atoms of the crown, is aligned in the correct fashion to interact with the two oxygen atoms on the aromatic ring. This thiocyanate salt, however, showed a distorted structure with strong coordination of the sodium ion by SCN -, making interpretation difficult because of the possibility that this might significantly affect the position of the metal relative to the oxygen atoms in the crown. Crystals with the less strongly coordinating perchlorate anion have now been studied for comparison (Figure 1, a) . The resulting structure is unusual, with two ClO 4 -anions present as a dimeric bridge between two (η 6 -benzo-15-crown-5)Cr(CO) 3 Na + units related by a crystallographic centre. The conformation of the crown identified in the perchlorate salt shows a significantly better alignment of the metal cation which lies further from the crown, and almost in the plane of the aromatic ring [the dihedral angle between the Na-O (4) ensure good solubility in methanol). In methanol solution, especially with the weakly associating perchlorate ion, coordination by MeOH is likely to replace the anion binding characterised in the crystal structure, but the overall conformation of the crown should remain sufficiently similar for good electronic communication between the metal cation and the Cr(CO) 3 group to be retained.
For the PCA study, a set of sixteen methanol solutions of LiClO 4 , NaClO 4 and KClO 4 were prepared with different ratios (4:0:0, 3:1:0, 2:2:0, 2:1:1, etc) with the total metal ion concentration at 20 mm in each case. Complex 1 (Figure 2 ) was included at 2.25 mm. FTIR spectra were recorded at 0.5 cm -1 resolution using a 0.5 cm pathlength solution cell and were normalised in the vertical scale ( Figure 3 ). The best PCA results (SPSS-X) were obtained from analysis of spectroscopic data in the range 1890-1880 cm -1 , which corresponds to the top of the antisymmetric band envelope where the different profiles are well separated. The factor score plot (Figure 4) , indicating that the 1:1:1 point was significantly different to the data points for the binary mixtures. Finally, using the learning set defined by these sixteen samples, the factor scores for 2.25 mm 1 (i.e. the empty crown) were calculated from a normalised spectrum. These factor scores gave a point which lay outside the triangle, close to, but not coincident with, the "4Li" point. This pattern of factor scores provides a good approach to visualise the qualitative differences apparent in the spectra illustrated in Figure 3 . As a further check of the ability of the FTIR method to identify the presence of an alkali metal cation in the crown, the response to a series of different cation concentrations was examined in the crystallographically defined sodium ion case. A range of methanol solutions, all 1.4 mm in 1 but with concentrations of Na(C1O 4 ) varying from 0 to 100 mm, were prepared and their FTIR spectra recorded.
The spectra, shown in Figure 5 (a), demonstrate good isosbestic points, providing evidence that only the empty crown and the structurally characterised 1:1 adduct were present. The wavenumbers of the band maxima for the ν sym (CO) and ν asym (CO) modes were measured and are plotted against [Na + ] in Figure 5 (b). As the sodium ion concentration increases, the ν sym (CO) and ν asym (CO) peaks for 1·Na + grow progressively taller as the proportion of the crown associated with the cation becomes greater. There is also a slight but measurable shift to higher wavenumbers in the maxima for the ν sym (CO) and ν asym (CO) modes for 1·Na + at higher [Na + ]. This is illustrated in Figure 5 (a) in the expansion of the stack of the four highest ν asym (CO) bands which correspond to the last four data points in the gradually rising final section of the lower curve in Figure 5 (b) (35-100 mm) where a series of small but incremental increases in the vibrational frequency are apparent. To explore the origins of these different spectroscopic responses, 1 was compared with 2 and 3, [10] and a wider range of cations (NH 4 + , Li + , Na + , K + , Rb + , Cs + , Mg 2+ , Ba 2+ ). Complexes 2 and 3 were prepared by heating the appropriate ligand with hexacarbonylchromium in a di-n-butyl ether/THF mixed solvent system. In order to reach a limiting spectrum with a high level of occupancy of the crown, a 100-fold excess of the metal cation was used (tricarbonylchromium complex at 2 mm; metal cation at 200 mm). The Table 1 . Data from FTIR spectra of 1 (corresponding data for 2 and 3 are provided in the Supporting Information) (the estimation of errors is indicated in footnotes). Figure 6 ) as defined in ref. [16] [e] Data determined from two unresolved vibrational modes from the mid-point between the positions on either side of the band at the points where the absorbance was half that at the band maximum. results for 1, 2 and 3 are presented in Table 1 (1) and in the Supporting Information (2 and 3), together with data for the empty crowns. It can be seen that there is considerable variation in the positions of the symmetric and antisymmetric bands. The expectation is that binding a metal cation in the crown influences charge distribution in the complex in much the same way as has been observed [11] for hydrogen bonding at pyrazine ligands in Cr(CO) 5 complexes, for dissociation of carboxylic acid substituents on ligands in Fe(CO) 3 and Cr(CO) 3 complexes, [12] and in an electrochemical investigation [13] of W(CO) 5 (azaferrocene) adducts with potential applications as IR-detectable tracers for amino groups. In previous studies [14] we have found that Bellamy plots [15] are a convenient method to depict results of this type. The plots for complexes 1, 2 and 3 ( Figure 6 ) show the normal linear trend. The azacrown Cr-CO vibrational bands appear at lower wavenumbers as a consequence of electron donation from the adjacent nitrogen atom, and are bunched together on the Bellamy plot; complex 2 is poor at discriminating between the metal cations used in the study. Complex 3 was chosen because the (η 6 -Ph)Cr(CO) 3 section is not in direct electronic communication with the heteroatoms of the crown, however, unexpectedly, Figure 6 shows that complex 3 gives a substantial range of responses to the different cations. The spread of data points along the diagonal gives an indication of the extent of differentiation in the spectroscopic responses, and this is similar for complexes 1 and 3. Electron donation into the (η 6 -Ar)Cr(CO) 3 complex from the adjacent oxygen atoms also lowers the vibrational frequencies of the Cr-CO stretching modes of 1, but not to the same extent as in the azacrown case. The nitrogen atom in complex 3 donates more electron density to the chromium complex than the two oxygen atoms in 1, and from the spectroscopic data it can be seen that the electron density on the Cr(CO) 3 group is in the order 2 Ͼ 1 Ͼ 3. We have previously defined a measure (Δ R , based on the diagonal separation of the extremes of each Bellamy plot) to give a quantitative guide to the range of responses possible with each metal complex. [14, 16] Δ R(cation) values based on this approach are presented in Table 1 with 1 has far broader vibrational bands than the others. Such broadening can be a consequence of the presence of two species in solution, suggesting that even with 100-fold excess of the metal ion, the crown ether may not be fully occupied. Analysis of ν sym in this spectrum using the curvefitting programme PCCAP [17] indicated the presence of two overlapping bands in a roughly 3:1 ratio. The major contribution came from a stretching vibration at 1968.9 cm -1 , which was present in the spectrum together with the ex- Figure 6 . Bellamy plots of the frequencies of the symmetric and asymmetric Cr-CO vibrational modes of 2 (squares), 1 (diamonds) and 3 (triangles); the trend line is from the data for all three complexes (the data point for 1·Ba
2+ was excluded).
( 1) pected vibration for the empty crown. The value observed for 1·Ba 2+ directly from the spectrum and the corrected value from curve-fitting are similar. The data supports the conclusion that binding Ba 2+ has the greatest effect on shifting the Cr-CO vibrations of 1 to higher wavenumbers.
The parameter Δ N has been developed [16] to give an indication of the relative distributions of individual responses on the diagonal of the Bellamy plot, and so aid the comparison of the relative performance of two metal complexes as sensors to differentiate several analytes. The Δ N for a complex is calculated to show the magnitude of the difference in its responses to two solvents [16] or analytes, as a ratio against the largest response measured for the complex. Thus for any pair of analytes, Δ N is a measure of the relative level of the response. This allows several complexes to be compared by calculating the ratio of Δ N values. Equation (1) (Figure 7 , a) shows a series of maxima and minima distributed about the mean value (1.16 in the case of complexes 1 and 3) for the entire set of ratios. The vertical axis indicates the difference in the extent of differentiation of each pair of ions by the two complexes, and the edges of the horizontal plane correspond to the grid of metal ions compared in the plot (i.e. each horizontal intersection corresponds to a pairwise comparison of the relative effects of two cations). It can be seen from Figure 7 (a) that complexes 1 and 3 perform similarly in their ability to distinguish most pairs of metal ions, but there are several . This approach provides a way to screen [16] complexes for use in dual sensor procedures. [18] To perform well for a given pair of analytes, high magnitudes for Δ N and Δ R are needed. Complex 1 also shows a large magnitude of response for Na + (Δ R = 6.8). Some of the ratios displayed in Figure 7 (a) are negative values. For example, for 3, ν asym is influenced to a greater extent by NH 4 + than K + (a shift of 2.6 cm -1 for NH 4 + and 2.1 cm -1 for K + ) whereas both cations have almost the same effect on ν sym (Δν sym is 1.9 cm -1 for NH 4 + and 2.1 cm -1 for K + ). The antisymmetric band envelope contains information about vibrational coupling between the carbonyl ligands, and so can respond differently to ν sym . This comparison provides a good example of the additional information in the IR spectra of tricarbonylmetal complexes, which makes PCA possible.
There are also pairs of metal ions where 3 outperforms 1 (Figure 7, b Figure 7 in plots of Δ N ratios can guide the design of dual sensor approaches to improve the discrimination of competing effects. Figure 7 (c) shows two views of a subset (for NH 4 + , Li + , Na + , K + ) of data from Figure 7 (a). Complex 3 lacks direct electronic communication between the heteroatoms in the crown and the arene ligand of the Cr(CO) 3 complex, and so responds in a significantly different way to the presence of cations in the crown. This suggests that the PCA approach (Figure 4) to distinguish Li + , Na + and K + can be extended by including spectroscopically complementary η n -carbonylmetal crown derivatives in which the η n ligand is attached at one of the carbon atoms in the crown. The high level of shifts (Δν sym and Δν asym ) in the vibrational bands of 3 is an unexpected conclusion from the data presented in Table 1 and Table S1 (Supporting Information), and suggests a rational approach to extend the PCA methods reported here with procedures employing dual carbonylmetal probes.
Although the PCA study employed a common counterion (perchlorate), a selection of different counterions were present in the comparison of Δ R and Δ N data for NH 4 (Table 2 ) and shown to be small compared the effects of the cations. FTIR spectra of 1 and tricarbonyl(η 6 -1,2-dimethoxybenzene)chromium(0) (4) were measured in methanol solutions containing a range of lithium, sodium and potassium salts: LiBr, LiC1O 4 , LiBPh 4 , NaOAc, NaBr, NaSCN, NaC1O 4 , NaBPh 4 , KOAc, KI and KSCN. Each solution was 2 mm in the chromium complex and 200 mm in the metal salt. Clearly, it would have been more systematic to have used all three metal salts of a given anion; however, some of these salts are insufficiently soluble in methanol. This range of salts is adequate for the investigation of the anion dependence. Table 2 and Table S2 (see Supporting Information), show the wavenumber shifts and bandwidths for the ν sym (CO) and ν sym (CO) modes of 1 in the different salt solutions. It is immediately apparent that any anion dependence of the shifts in ν(CO) is very slight, and much smaller than the differences between the shifts induced by the different metal cations. The tetraphenylborate anion behaves differently to the other anions, raising the possibility that a π stacking interaction takes place between one of the electron-rich phenyl rings and the exoface of the (η 6 -C 6 H 4 O 2 ) ring. We have characterised [19] such interactions by FTIR spectroscopy, and found that they result in small shifts for the ν(CO) modes, comparable to those observed for the BPh 4 -anion and the more accessible aromatic ring of complex 4 (Δν: -1.3 to -2.4 cm -1 ). The effect of anions on 3 was also tested, and the BPh 4 -anion was again found to behave differently to the others. Data for 3 and 4 are presented in the Supporting Information. In all the cases examined, the differences in vibrational frequencies resulting from the presence of different cations far exceeds the differences caused by the choice of anion.
The crystal structure of 1·Na + C1O 4 -shows the anticipated coordination of the sodium cation within the crown. [20] The bond lengths from Na(1) to O(6), O(7) and O(8) (2.468, 2.416 and 2.431 Å, respectively) are similar to those found [21, 22] for sodium adducts of the free benzo-15-crown-5. In contrast, the Na-O bond lengths to the oxygen atoms O(4) and O (8) [8] where all the distances were similar, with Na-O(6) at the far end of the crown slightly shorter than the others. The perchlorate salt has Na-O(7) shorter than Na-O(5), showing that the sodium ion is displaced slightly towards the far side of the crown, when viewed as depicted in Figure 1 (a) . This is presumably a consequence of the presence of the unusual bridging pair of perchlorate anions distorting the structure. This issue was addressed by DFT calculations [23, 24] using the b3ylp functional and the Lanl2DZ basis set to optimise a monomeric perchlorate structure in the gas phase (Figure 1, b) . A frequency calculation confirmed that the optimised geometry was an energy minimum. The conformation of the crown was very similar to that defined by crystallography, with an alternating up-down pattern of oxygen (Table 3) show a more symmetrical pattern with Na-O(6) now the shortest. The distances to O(5) and O(7) which point down were slightly longer than the others. The perchlorate ion was present in a chelating η 2 coordination mode which is consistent with the structure [21] of (benzo-15-crown-5)·Na + ClO 4 -which, unlike the tricarbonylchromium complex 1·Na + ClO 4 -, crystallised as a monomer. The same procedure was used to study structures with lithium and potassium ions coordinated by the crown, again as perchlorate salts (Table 3 [a] Data taken from ref. [8] [b] The error in the last significant figure is indicated by the value given in parenthesis.
[c] The error was estimated by comparing the values obtained using Gaussian03 and Gaussian09 for the same functional (b3ylp) and basis set (Lanl2DZ). 2 perchlorate ion to be displaced towards one side of the crown. This unsymmetrical alternative had a lower energy than the symmetrical structure and was confirmed as a true minimum by frequency calculation. The symmetrical structure corresponds to an intermediate point between two lower energy conformations with the perchlorate offset to the left or to the right of the centre line of the crown ether. Comparing these three minimum energy structures, as expected, the smaller lithium ion dropped down closer to the mean plane of the oxygen atoms and the mean lithium-oxygen distance was shortened. The distances between the oxygen atoms in the crowns and the three alkali metal cations were compared. The Li-O (4) 3 complexes, and in this case has advantages over the use of data from crystallography. Our structure of (1·Na + ClO 4 -) 2 is complicated by the dimeric coordination of the perchlorate ions. Crystallographically defined potassium 15-crown-5 adducts are typically [25] 2:1 complexes with K + lying between the two crowns, and in the only available crystal structure [26] of a lithium adduct of benzo-15-crown-5, the lithium ion is not situated in the crown at all, but is coordinated by a bidentate picrate ion and two water molecules.
The orientation of the tricarbonylchromium used in the DFT calculations was the same as that in the crystal structure in Figure 1 (a) , and was retained in the optimised geometry. One unique carbonyl ligand [C(1)=O (1)] lies directly below the C(4)-C(9) bond of the arene that lies within the circumference of the crown. Although this is not the conformation observed in the structure [27] of 4, there is considerable variation in the crystallographically defined conformations [28] of 1,2-disubstituted η 6 arene complexes, and in solution, free rotation of the Cr(CO) 3 group is expected. The orientation used in the calculations is convenient to allow a direct comparison with X-ray data for 1·Na + . The data in Table S3 (see Supporting Information) shows very little variation in the calculated Cr-CO and CrC-O bond lengths. The slight lengthening trend in the Cr-C (1) (Table 1 ). The origin of the changes revealed by PCA must be more subtle than a simple charge-based effect on the back-donation into the π* CO orbital.
The C-C bond lengths around the benzene ring show a pronounced alternating pattern [29] (lines 7-11, Table 3 ) but for the bonds in unsubstituted positions, there is very little variation with the nature of the alkali metal cation. The C(4)-C(9) bond length between the C-O bonds connecting the crown, however, is noticeably longer than the others and gradually lengthens as the size of the coordinated cation increases. The means of the C (4) (Table 3, lines 15 and 16) increase in the sequence Li + Ͼ Na + Ͼ K + , and the separation between the carbonyl ligand C(1)=O(1) and the other two C=O ligands (Table 3 , lines 19 and 20) decreases. This can be illustrated by plotting C(4/9)-Cr-C(1) mean angles against the mean separation of C(1) from C(2/3) (Figure 8 ). The distance between C(2) and C(3) in contrast, hardly changes at all, and if anything, slightly increases. It is C(1) that is moving towards C(2/3), not the entire tripod of the Cr(CO) 3 narrowing [this same effect is apparent by comparing bond angle C(1)-Cr-C(2/3) which gets narrower, with C(2)-Cr-C(3) which is unchanged]. Hunter has shown [30] that in substituted (η 6 -arene)Cr(CO) 3 complexes, the Cr-C ipso bond length is very sensitive to the π-donor/π-acceptor properties of the substituents on the arene. The mean values for the Cr-C(4) and Cr-C(9) bond lengths for the Li + , Na + and K + complexes of 1 were also examined and show a declining trend (Li + : 2.377; Na + 2.368; K (1) section of the (benzo-15-crown-5)Cr(CO) 3 complex, and that this is more significant than a simple change in the π-donor/ π-acceptor properties of the two crown oxygens attached to the η 6 arene ligand. (Figure 9 , c). On this basis it is proposed that the qualitative influences on the IR spectra revealed by PCA are best explained by two different mechanisms: electronic effects are more significant with the π system in the case of K + but operate more through the σ bonds and the oxygen sp 2 lone pairs in the case of Na + . For Li + , the cation drops down more deeply into the crown, and so its effect by either mechanism on π donation into the arene ligand is less.
This proposal is supported by the presence of molecular orbitals that could account for the suggested interaction that pulls in the pyramid (Figure 10, a) . The sodium ion crown complex (1·Na + ) was chosen to illustrate this because the arrangement of the seven oxygen atoms around the sodium ion (the five oxygen atoms of the crown and two from the perchlorate ion) in the energy minimum structure calculated by DFT was similar to that defined by crystallography. The filled molecular orbital 98 (-0.391 eV) for 1·Na + has extensive contributions from orbital coefficients across the centre of the structure. Figure 10 (c) shows a lower energy filled orbital in which the π system of the carbonyl ligand that lies below the crown is distorted so that much of the electron density lies between the CO and the crown·Na + portions of the structure. These observations are consistent with the simple observation that ν sym is shifted to higher wavenumbers when a cation coordinates the crown. This effect is much smaller with Li + , which binds less readily. Although binding K + has the greatest effect on the geometry of the (1) section of the (benzo-15-crown-5)Cr(CO) 3 complex, its affinity for the crown is less potent and its influence is similarly less than the effect of Na + , which binds most strongly of the three cations studied here, and interacts with a better alignment with the oxygen lone pairs of the η 6 -(H 4 C 6 O 2 ) unit. 3 complex. Differences in the σ and π contributions influence the balance of the distribution of electron-density between the sp 2 -hybridised oxygen atoms of η 6 -(C 6 H 4 O 2 ), the tricarbonylchromium arene complex and the coordinated metal ion. A wide range of cations influence the IR spectra of the ν(CO) stretching vibrations, but variation of the anion does not. Different tricarbonylchromium complexes respond to different M + ions to different extents and in different ways, which can be compared using ratios of Δ N(cation) values, providing information needed for the design of dual probe methods for differential ion sensing by FTIR spectroscopy.
Conclusions

Experimental Section
General: The tricarbonylchromium complexes of crown ethers were prepared by a modification of the method of Mahaffey and Pauson. [31] Tricarbonyl(η 6 -1-pheny1-aza-15-crown-5)chromium(0) (2): A solution of 1-phenyl-1-aza-15-crown-5 [32] (2.72 g, 9.22 mmol) and Cr(CO) 6 (1.50 g, 6.82 mmol) in a mixture of di-n-butyl ether (40 mL) and THF (4 mL) was heated under reflux for 48 h. The solution was filtered while hot, and the product precipitated on cooling. Recrystallisation from CH 2 Cl 2 /hexane yielded 2 as yellow crystals (1.22 g, 31 %). 1 [34] (1.08 g, 3.65 mmol) and Cr(CO) 6 (0.85 g, 3.86 mmol) in a mixture of di-n-butyl ether (40 mL) and THF (4 mL) was heated under reflux for 48 h under an argon atmosphere. After cooling, the solution was filtered and the solvent removed in vacuo to give a yellow oil. Slow recrystallisation of the oil from CH 2 Cl 2 /hexane yielded 3 as a yellow solid (860 mg, 55 %). 1 Crystallography: Data were measured at 298 K on a Siemens R3m/ v 4-circle diffractometer using graphite-monochromated Mo-K α radiation (λ = 0.71073 Å). Data were corrected for absorption using ψ-scans. Structure solution by Patterson synthesis and full-matrix least-squares refinement of the structure (against F 2 , all data) were carried out using the SHELXTL software package. [35] The oxygens of the perchlorate anion was found to be disordered twofold; the components were refined with 82 % and 18 % occupancies, but from the thermal parameters the presence of further unresolved disorder is likely. All non-hydrogen atoms (except the minor components of the disordered oxygen atoms) were refined anisotropically, and the methylene hydrogen atoms were placed in calculated positions. Crystallographic data (excluding structure factors) for [(1·Na + )-C1O 4 -] 2 have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication number CCDC-745686. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ data_request/cif. The structure of (1·Na + )SCN -was deposited previously at CCDC with the refcode POGZAM. [8] Spectroscopic Measurements: FTIR spectra were measured at 0.5 cm -1 resolution using a 0.5 mm pathlength CaF 2 solution cell and a Perkin-Elmer 1720X spectrometer equipped with a liquid nitrogen-cooled InSb detector (an attenuation filter was used to avoid detector saturation); 16 scans were collected for each spectrum. The temperature in the IR beam at the sample position during scanning was in the range 298-300 K. For the PCA experiments, stock solutions of metal salts in dry methanol were made up to volumes of 10 mL. For a given spectrum, 0.2 mL of a stock solution of the chromium complex was added to a 2 mL portion of a salt solution. -, SCN -) were prepared similarly, using stock solutions of the salts at higher concentrations such that the final concentrations of salt and chromium complex were as given in the text. The spectrum of each solution was measured immediately after mixing; provided bright light was avoided, no measurable oxidative decomposition of the complexes was noted for at least 20 min, even when air-containing solvents were employed. Since the bandshapes for the ν asym (CO) modes were generally rather unsymmetrical, the wavenumber of the mode was calculated by measuring the positions in wavenumbers on either side of the band at the points where the absorbance was half that at the band maximum. The mean of these two values used to estimate the wavenumber of the centre of the antisymmetric band envelope.
DFT Calculations:
The X-ray coordinates of tricarbonylchromium η 6 -benzocrown portion of the published [8] structure of 1·Na + SCN -salt were taken as the starting point [36] for the geometry optimis-ation of the perchlorate with the η 2 O-Na-O perpendicular to the centre-line of the benzocrown, using the b3ylp functional [37] and the Lanl2DZ basis set [38] as implemented by Gaussian03. The optimisation was repeated using the b3ylp/Lanl2DZ/Gaussian09. [39] The resulting geometry was used in optimisations of the 1·Li + and 1·K + coordination complexes. Frequency calculations made at the same level showed that all the frequencies are real, thus the four optimised structures each correspond to local energy minima. The distance and angle data (from Gaussian09/Molden [40] ) and structural and molecular orbital (MO) images (from Gaussian03 [41] / Gaussview [42] ) are presented in Table 3 , Figures 1 and 10 . The full tables for the optimised geometries of 1·Li + C1O 4 -, 1·Na + C1O 4 -, and 1·K + C1O 4 -are presented in the Supporting Information.
Supporting Information (see footnote on the first page of this article): FTIR plots and tabulations, comparison of DFT and crystallographic data, and DFT-derived atom coordinates and orbital energies.
